This study examined the effect of moderate ethanol intake on systolic blood pressure, platelet cytosolic free calcium, aortic calcium, and rubidium-86 uptake in Wistar-Kyoto rats. Twelve Wistar-Kyoto rats, aged 6 weeks, were given 5% ethanol in drinking water the first week followed by 10% ethanol in drinking water for the next 6 weeks. Twelve control animals were given regular tap water. Systolic blood pressure in the ethanol-treated rats was significantly higher (p<0.05) than that in controls after 1 week and remained higher throughout the study. At 13 weeks of age, platelet cytosolic free calcium and calcium uptake by aortas were significantly higher (p< 0.001) in ethanol-treated animals as compared with those in controls. Ethanol intake did not affect aortic ouabain-sensitive 6 -8 However, the mechanisms by which ethanol intake elevates blood pressure is not known.
pidemiological studies in humans have established that there is a positive correlation between ethanol intake and development of hypertension. 1 -3 Controlled clinical studies have also shown that ethanol produces a further increase in blood pressure in patients who are already hypertensive. 4 - 5 Ethanol feeding of Wistar-Kyoto (WKY) and Sprague-Dawley rats for a period of 4-12 weeks causes a moderate rise in blood pressure. 6 -8 However, the mechanisms by which ethanol intake elevates blood pressure is not known.
Abnormal contractile activity of the vascular smooth muscle is considered to be one cause for the development of hypertension. 9 The contractile activity of vascular smooth muscle is regulated by the level of intracellular free calcium ions ([Ca 2+ ]j). 10 " 12 It has been suggested that factors leading to an increased [Ca 2+ ]i within the vascular smooth muscle cell may be responsible for the increased contraction of the smooth muscle and the development of hypertension.
Such factors may be an increased entry of calcium ions through the cell membrane via calcium channels or an increased release of calcium ions within the smooth muscle cells. Calcium influx through cell surface calcium channels is a major contributing factor to cytosolic free calcium. 1314 Although the resting levels of [Ca 2+ ]; have not been measured in vascular smooth muscle cells from hypertensive patients or hypertensive animal models, it is reportedly increased in platelets of patients with essential hypertension 15 
"
18 and spontaneously hypertensive and Dahl salt-sensitive hypertensive rats 17 
19 and seems to relate directly to the level of systolic blood pressure. 15 " 17 In the present study, we investigated the effect of an oral intake of 10% ethanol in drinking water on systolic blood pressure, platelet cytosolic free calcium and aortic calcium, and ^Rb* uptake in Wistar-Kyoto rats. seventh weeks. Body weight and blood pressure of all rats were recorded weekly. Food and water intakes were recorded every second day. At the end of the experiment (age 13 weeks), rats were anesthetized with intraperitoneal sodium pentobarbital (10 mg/100 g body wt). After thoracic cage resection, blood was drawn into vacutainer tubes by intracardiac puncture for serum biochemistry and platelet preparation. Thoracic aortas were excised immediately for 45 
Ca
2+ and M Rb + uptake measurements.
Laboratory Analysis
Plasma renin and serum aJdosterone were determined by standard commercially available radioimmunoassay kits from ERIA Diagnostics Pasteur, Marnes La Coquette, France and Diagnostic Products Corp., Los Angeles, Calif., respectively. Sodium, potassium, calcium, magnesium, and creatine in serum were assayed on autoanalyzers with ion-specific electrodes for sodium and potassium, compleximetric method for calcium and magnesium, and reaction rate Jaffe method for creatinine. Plasma ethanol was assayed on the TDX analyzer using an enzymatic fluorescent assay kit from Abbott Laboratories, North Chicago, 111.
In Vitro Effect of Ethanol on Calcium Uptake and Rb* Uptake of Wistar-Kyoto Rat Aortas
To investigate the direct effect of ethanol on the 45 Ca 2+ and TUo + uptake in vascular tissue, thoracic aortas from normal WKY rats aged 13 weeks were used. HEPES buffer was prepared in either distilled water or 2.5, 5, 10, and 20 mM ethanol in water and uptake was measured.
Measurements of [Ca 2+ ], in Platelets
Platelet cytosolic [Ca 2+ ]j was measured by essentially a similar method as described previously. 19 Blood was collected into a vacutainer tube containing acid-citrate-dextrose by cardiac puncture, and platelet rich plasma was prepared by centrifugation at 12% for 20 minutes at room temperature. Platelet rich plasma was incubated for 30-45 minutes with 5 /xM fura 2-AM (Molecular Probes Inc., Eugene, Ore.) in a shaking water bath at 37°C. After incubation, extracellular fura 2-AM was removed by passage through the Sepharose CL-2B column (8x200 mm) and platelets were eluted with platelet buffer elution medium containing 10 mM 7V-2-hydroxyethylpiperazine-A^'-2-ethanesulfonic acid (HEPES), 145 mM sodium chloride, 5 mM potassium chloride, 1 mM magnesium chloride, 0.5 mM sodium phosphate, 1 mM calcium chloride, 6 mM glucose, and 0.1% bovine serum albumin at pH 7.4 and 37°C. Platelets were diluted with the same buffer to a concentration of approximately 10* to 10 7 cells per milliliter and incubated at 37°C for at least 30 minutes. The fluorescence excitation spectrum was scanned from 300 to 420 nm with emission wavelength fixed at 505 nm, using a 512 double beam fluorescence spectrophotometer (Perkin-Elmer). All measurements were done in duplicate and the mean value was used for statistical calculation.
The standard procedure for calculating [Ca 2+ ]j from dual wavelength measurements of fura-2 was used, which involves the following equation:
where R is the ratio of fluorescence of the sample at 340 and 380 nm; R,,^ and R^ the ratios for fura-2 free acid at the same wavelengths in the presence of saturating Ca 2+ and in the normally zero Ca 2+ , respectively. /3 is the ratio of fluorescence of fura-2 at 380 nm in zero and saturating Ca 2+ and K^ is the dissociation constant of fura-2 for Ca 2+ , assumed to be 224 nM at 37°C. R^ was determined by rupturing the cells with Triton X-100 (0.5%) and adding a saturating amount of calcium. R,,^ was determined by adding Triton X-100 (0.5%) and EGTA (10 mmol/1) and increasing the pH to 8.3. Correction for autofluorescence was made by subtracting the fluorescence of unloaded cells from an equal density of cells loaded with fura-2 to obtain a fluorescent signal that was solely representative of intracelluJar fura-2. Platelets were counted using a Coulter counter (model S-PLUS IV, Coulter Electronics Inc., Miami Lakes, Fla.) and results of [Ca 2+ ]j are given as nanomoles per liter.
Measurement of Calcium Uptake by Thoracic Aortas
Calcium uptake by thoracic aortic tissues was measured as described previously, 20 - 21 and thoracic aortas were excised and dissected free of connective tissue in a constantly oxygenated HEPES buffer (pH 7.4) solution containing: 150 mM NaCl, 4.5 mM KC1, 10 mM D-glucose, 5 mM HEPES, 1.5 mM CaCl 2 , and 1 mM MgCl 2 . Aortas were then cut into 2-3-mm long segments. After an equilibration period of 2 hours at 37°C subsequent to tissue excision, aortic rings (in tissue holders) were incubated in 5 ml of constantly oxygenated buffer containing 45 
Ca
2+ (5 ^,Ci/ml) for 20 minutes at 37°C in a constantly shaking water bath. Subsequently, tissues were washed in cold (2 C C) buffer for 2 minutes, followed by a second cold (2°C) buffer wash for 45 minutes to remove free 43 

2+
. Under these conditions, efflux of intracellular calcium is prevented and only the extracellular calcium is effectively washed away. 20 The tissues were then blotted, wet weights were measured and transferred to counting vials containing 100 fil H 2 O and 1 ml Protosol (New England Nuclear, Boston, Massachusetts, USA), and then were placed in a water bath for 2 hours at 60°-70°C. After digestion, 100 y\ glacial acetic acid was added to each vial followed by 10 ml liquid scintillation fluid (BDH Chemicals, Toronto, Canada), and the solution was counted in a Beckman liquid scintillation counter (Beckman Instruments, Fullerton, Calif. 86 Rb + uptake in vitro in thoracic aortic rings by an essentially similar method as described previously. 20 After an equilibration period of 2 hours subsequent to tissue excision, aortic rings (in tissue holders) were incubated in 5 ml of constantly oxygenated HEPES buffer containing 86 Rb + (2-10 /xCi/ml) for 30 minutes at 37°C in a constantly shaking water bath. After this period, tissues were placed in icecold (2°C) unlabeled buffer for 2 minutes to remove the radioisotope in the extracellular compartment. The tissues were blotted carefully and wet weights taken immediately. The tissues were digested in counting vials by adding 100 fil H 2 O and 1 ml Protosol and then were heated in a water bath for 2 hours at 60°-70°C. After digestion, 100 fi\ glacial acetic acid was added to each vial followed by 10 ml liquid scintillation fluid (BDH Chemicals, Toronto, Canada). Aliquots of incubation media were taken and processed to estimate total added counts. The vials were counted in a Beckman liquid scintillation counter and the uptake of 86 Rb + based on K + molarity (concentration 4.5 mM) expressed as micromoles per kilogram wet weight per minute. The ouabaininsensitive portion of 86 Rb + uptake was determined by incubating the same tissues with a maximally effective concentration of ouabain (2 mM) for 60 minutes before and during 86 Rb + uptake. The ouabain-insensitive portion of the ^Rb* uptake was equivalent to the amount of M Rb + uptake observed after a similar exposure to a combination of iodoacetic acid (1 mM) and 2,4-dinitrophenol (0.1 mM) (data not shown). The ouabain-sensitive portion of ®"Rb + uptake was determined by subtracting the ouabain-insensitive uptake from the total uptake.
Systolic Blood Pressure Measurements
Systolic blood pressure was recorded weekly using a tail-cuff method (model 5A Amplifier, ITTC Life Science Instruments, Woodland Hills, Calif.). Each pressure value was obtained by averaging four individual readings.
Statistical Analysis
All data are expressed as mean±SD. Statistical analysis of results was performed by Students t test and Pearson correlation coefficient.
Results
Effect of Ethanol Intake on Serum Biochemistry, Body Weight, Food, and Water Intake
The ethanol-treated rats consumed on average l.l±0.2 g ethanol daily during the first week and increased their intake to 2.5 ±0.6 g daily by the end of the seventh week of the experimental period (Table  1) . These animals consumed (mean±SD) 13±2 g rat chow per day before treatment and 14±2 g/day/rat chow by the end of the seventh week. The control group, on the other hand, increased their food con- Values are mean±SD. n = 12 in each group. Starting at 6 weeks of age, rats were given either water or 5% ethanol in first week and 10% ethanol in water from the second to seventh weeks. Values given are at 13 weeks of age.
'Significantly different (p<0.01) from control.
sumption from 13 ±1 g at week 1 to 20 ±2 g/day/rat at week 7. Plasma ethanol levels in the treated animals at the seventh week were less than 1.25 mmol/1; the ethanol consumed by the treated animals represented extra calories in addition to those provided by their regular food intake. Ethanol was assumed to contain 7.0 kcal/g and rat chow 5.0 kcal/g in our calculations. Total caloric intake in the ethanol group (89±7 kcal/day/rat) was significantly less (/?<0.05) as compared with the control group (98±11). The fluid intake for the two groups was similar: 27 ±2 ml/day/ rat in the ethanol group and 29 ±3 in the control group in the beginning of the experiment but was significantly less in the ethanol group (32 ±3 ml/day/ rat) as compared with the control group (44 ±2) (/7<0.001) by the seventh week of the experimental period. The initial (mean±SD) body weights of control rats (127±3 g) and the ethanol group (126±5 g) were not significantly different. However, the mean value of the final body weights of the rats given ethanol (mean±SD; 305 ±23 g) was significantly less (/?<0.01) as compared with rats given water (328±16 g) to drink. The mean values of serum sodium, potassium, calcium, magnesium, creatinine, aldosterone, and renin were not different between the two groups of rats.
Effect of Ethanol Intake on Systolic Blood Pressure of Rats
Mean±SD values of systolic blood pressure of rats in the ethanol and control groups were similar in the beginning of the experiment (age 6 weeks). The ethanol-fed rats had significantly higher blood pressure at 7, 8, 9, 10, 11, 12, and 13 weeks of age (p<0.05) as compared with control group on water (Figure 1 blood pressure values over time (weeks 6-13) was significant (/><0.001) in the ethanol-treated group. The weekly increase in systolic blood pressure was significantly different by paired t test between ages 6 and 7, 7 and 8, 8 and 9, 9 and 10, 10 and 11 (/7<0.OO4), and between 11 and 12 (/?<0.027) weeks. There was no significant difference in systolic blood pressure between age 12 and 13 weeks.
Effect of Ethanol on Platelet Cytosolic [Ca 2+ ]i in Wistar-Kyoto Rats
Platelet cytosolic [Ca 2+ ]i in the ethanol-treated rats (mean±SD; 134 ±25 nmol/1) was significantly higher (p<0.001) as compared with rats on water (75±9 nmol/1) ( Table 2 and Figure 2 ). Figure 2 clearly shows the relation between platelet cytosolic [Ca 2+ ]| and mean systolic blood pressure in both groups.
Effect of Ethanol Intake on Calcium Uptake in Aortas
Calcium uptake in aortas of ethanol-treated rats at 13 weeks of age was significantly higher (p <0.001) than control rats given water (Table 2) . When aortas from ethanol-treated and control groups were incubated Values are mean±SD. n = 12 aortic rings from six rats in each group. Starting at 6 weeks of age, rats were given either water or 5% ethanol in first week and 10% ethanol in water from second to seventh weeks. Rats were killed at 13 weeks of age. All calcium measurements were done in normal HEPES buffer with or without 2 mM ouabain.
•Significantly different (p<0.001) from control. with ouabain (2 mM), calcium uptake increased significantly (p<0.001) as compared with when the aortas were incubated in HEPES buffer without ouabain. This increase in calcium uptake is due to inhibition of the vascular Na + -K + pump with a corresponding increase in intracellular Ca 2+ due to Na + -Ca 2+ exchange mechanism. The percentage increase in calcium uptake with ouabain incubation in control and ethanol-treated groups was similar (38%).
Effect of Ethanol Intake on
m Rb + Uptake in Aortas Ouabain-sensitive M Rb + uptake of aortas represents aortic Na + -K + pump activity (Table 3) . Mean±SD values for total and ouabain-sensitive and ouabain-insensitive 86 Rb + uptake were not significantly different in aortas of rats given ethanol as compared with those of rats given water. 45 Values are mean±SD. « = 12 aortic rings from six rats in each group. Starting at 6 weeks of age, rats were given either water or 5% ethanol in first week and 10% ethanol in water from second to seventh weeks. Rats were killed at 13 weeks of age. All K Rb + measurements were done with or without 2 mM ouabain in normal HEPES buffer. Values are mean±SD. n=5 aortas in each case. Animals used were 13 weeks of age at the time of the experiment.
In Vitro Effects of Ethanol on
'Significantly different from other groups (p<0.001).
inhibition of the Na + -K + pump affects Na + -Ca 2+ exchange producing a significant (p<0.001) increase in calcium uptake compared with calcium uptake without ouabain. Discussion In the present study, the increase in blood pressure after ethanol feeding began after 1 week and continued over the remaining 6 weeks of the study. It has been reported by others that blood pressure elevation began after 4 weeks of ethanol feeding in Wistar and Sprague-Dawley rats: 5% ethanol in the first week, 10% for the next 2 weeks, and 20% from week 4 to 12. In our study, rats were given ethanol at a younger age; body weight 126±5 g compared with 180-300 g in other studies. 6 - 8 Our results suggest that younger animals seem to be more sensitive to the effect of ethanol-induced increase in blood pressure. The plasma ethanol concentrations at the completion of our study (7 weeks of ethanol feeding) were less than 1.25 mmol/1, which is the lower limit of the sensitivity of our assay. The rats were killed and blood was collected between 9:30 and 10:30 AM. Since we cannot be sure when the animals were drinking, these ethanol concentrations may not represent their average daily blood levels. The low ethanol concentrations are also a reflection of the 10% ethanol given to the experimental group as compared with 20% ethanol given in other studies. 7 Ethanol-treated animals had slightly reduced daily caloric intake and their body weight was also lower starting from 3 weeks as compared with controls. However, there was no significant difference in serum electrolytes, aldosterone, and renin. This suggests that increased aldosterone production and enhanced renin-angiotensin pathway are unlikely to be the fundamental pathogenic features of hypertension induced by alcohol.
A large body of literature on the cellular pathophysiology of essential hypertension is focused on a variety of membrane transport systems that control the intracellular ionic milieu (Na + , K + , Ca 2+ , and Mg 2 *) and thus have the potential to regulate vascular smooth muscle contractile activity. Defects in one or more of these transport systems have been proposed to play an important role in the pathogenesis of hypertension. 22 The results from the present study have shown that 10% ethanol intake leads to an increase in systolic blood pressure with an increase in platelet cytosolic [Ca 2+ ],. Platelets were chosen for this study because, besides being an easily accessible tissue, they likely represent abnormalities in calcium handling similar to those described in vascular tissue, which share many common intracellular features with platelets, including a calcium-dependent contraction-coupling process. 23 Ethanol intake also stimulated calcium uptake in rat aortas, thus further suggesting abnormality in calcium homeostasis. , by its known action on the contractile machinery, would in turn lead to contraction of vascular smooth muscle cells or increased responsiveness to vasoconstrictors. Increased vascular tone would raise blood pressure. Several groups have shown that Na + ,K + -ATPase is directly inhibited by ethanol in various tissue membranes, but only at concentrations that can be found in human serum under severe ethanol intoxication. 24 Chronic ethanol exposure in rats has been reported to give variable results: brain Na + ,K + -ATPase activity was either increased or unaltered.
24
- 25 In the present study, low concentrations of ethanol (2.5-20 mM) similar to those found in the plasma of moderate alcohol drinkers did not inhibit ^Rb* uptake in rat aortas when incubated in vitro. Ethanol feeding to WKY rats in our study also did not inhibit aortic ouabain-sensitive 86 Rb + uptake, which represents the ouabain-sensitive Na + ,K + -pump activity.
It has also been reported that ethanol ingestion leads to tissue magnesium depletion that in turn may inhibit the Na + -K + pump, which requires Mg 2 * as a cofactor. 26 It is possible that in our studies, Mg 2 * ions are repleted during the 2-hour preincubation period in incubation medium that contains normal Mg 2 * (1 mM) concentration, and this may be the reason that we did not find any inhibition of the Na + -K + pump after ethanol ingestion.
It has also been suggested that the ethanol-induced increase in blood pressure in rats may be due to volume expansion. 6 Increased circulating Na + -K + ATPase inhibitors due to volume expansion have been implicated in essential hypertension. 27 In the present study, the vascular tissue responded to ouabain with an inhibition of the Na + -K + pump and an increase in calcium uptake. However, there was no significant difference in the increase of ouabainsensitive calcium uptake in ethanol-treated rats as compared with control. Thus, it does not appear that an increase in intracellular [Ca is due to Na + -K + pump inhibition. The increase in intracellular cytosolic [Ca 2+ ], may be due to other calcium uptake mechanisms.
There are three pathways by which Ca 2+ can enter smooth muscle cells: through voltage-operated calcium channels, through receptor-operated calcium channels, and through calcium leak pathways. 28 - 29 It is possible that an increase in aortic calcium uptake in ethanol-treated rats in the present study may be due to one or more of these mechanisms. An increase in intracellular free cytosolic Ca 2+ can also occur through release of Ca 2+ from internal stores by activation of polyphosphoinositide phosphate pathway. 30 Ethanol-induced mobilization of calcium by activation of phosphoinositide-specific phospholipase C in intact hepatocytes has been reported recently. 31 Also, it was found in another study that ingestion of ethanol in rats for 2-24 weeks led to increased total and exchangeable cellular 45 Ca 2+ in aortas. 32 The increase in calcium uptake seen in the present study could also be due to decreased calcium efflux by decreased activity of plasma membrane Ca 2+ -ATPase, which pumps Ca out of the cell. Others have reported inhibition of skeletal sarcoplasmic reticulum vesicles and cardiac sarcoplasmic reticulum Ca 2+ -ATPase by ethanol, but the ethanol concentrations used were very high. 24 It is possible that chronic ethanol feeding of rats may decrease Ca 2+ -ATPase activity, thus causing an increase in intracellular Ca 2+ . All the above mentioned membrane changes leading to increase in intracellular [Ca 2+ ]i and hypertension may be due to altered membrane composition due to ethanol intake. Because our ethanol dose and blood ethanol levels were low, the results seen in the present study do not seem to be caused by a direct effect of ethanol on the membrane. Ethanol in concentrations from 2 to 20 mM did not affect calcium uptake in in vitro studies in aortas of control rats (Table 4) . However, chronic ethanol feeding in rats has been shown to increase total and exchangeable cellular calcium in aortas. 32 Chronic ethanol feeding may affect the membrane composition and thus membrane bound enzymes and internal ionic composition. 33 - 39 Ethanol feeding has been reported to alter membrane composition by decreasing the biosynthesis of polyunsaturated fatty acids and by changes in membrane cholesterol and phospholipids. 40 - 43 Ethanol has also been shown to alter membrane composition by lipid peroxidation. 44 -45 Whatever the fundamental mechanisms of hypertension may be, increased cytosolic [Ca 2+ ]i appears to be one of the mediating events in alcohol-induced hypertension. In view of the similarities between platelets and vascular smooth muscle cells, the observed relation between intracellular calcium in platelets, calcium uptake in aortas, and blood pressure provides further evidence for the important role of intracellular calcium in hypertension. It remains possible, however, that an increased [Ca 2+ ] s is a consequence rather than a cause of elevated blood pressure. Further studies using calcium channel blockers may clarify this relation.
In conclusion, the present study has demonstrated that a moderate amount of ethanol intake in WistarKyoto rats causes increased systolic blood pressure, platelet cytosolic free Ca 2+ and aortic calcium uptake. The increase in systolic blood pressure, platelet cytosolic free Ca 2+ , and vascular calcium uptake suggests that increased calcium uptake mechanisms are associated with ethanol-induced hypertension.
